Jet quenching stands out as one of the most striking phenomena measured in heavy-ion collisions. After being discovered at RHIC as a suppression of high-p T hadrons, with the development of reconstruction techniques capable of dealing with large backgrounds, it has also been confirmed in a wide range of measurements involving fully reconstructed jets. The observed suppression patterns are generally understood as arising from interactions with a color deconfined medium, corroborating the role of jets as probes of the hot and dense matter created in ultrarelativistic heavy-ion collisions. In this proceeding, we report on recent theoretical developments related to how jet fragmentation inside the medium is affected by energy-loss processes. In particular, it is shown how a novel Sudakov suppression factor affects the single-inclusive jet spectrum at high-p T . These developments provide first steps toward a unified theoretical understanding of the quenching of hadrons and jets, accompanied by substructure modifications.
Introduction
The strong suppression of high-p T particles and jets, including heavy quarks, in heavy-ion collisions stand out as one of the hallmark measures of final-state interactions in a colour deconfined medium. While the suppression persists up to very large momenta for jets, the suppression of single-inclusive hadrons tend to gradually subside in the same variable, a feature that also holds true for the modification of intra-jet properties. This calls for a unified and comprehensive theoretical understanding of jet modifications across many observables over a large range in jet scales, mainly p T and the reconstruction angle R.
It has already been pointed out in Monte-Carlo studies that fluctuations related to the jet fragmentation, or substructure, are extremely important for understanding experimental data, see e.g. [1, 2] , but until recently a first-principle understanding of these higher-order corrections was lacking. Quenching in the medium has traditionally been applied to a single partons [3, 4] , giving limited theoretical guidance to implementations of jet quenching on the level of multi-parton fragmentation. It was, however, pointed out that breaking of colour coherence plays an important role for the available phase space of emissions [5, 6, 7, 8] , and recently it was also shown how this affects energy loss processes [9] . In these proceedings, we summarize the main ingredients that enter the calculation of single-and multi-parton quenching in the medium. We also show how these lead to large corrections on the level of single-inclusive spectra, and finally outline the alleys for future applications.
Jet quenching
Single-parton quenching An energetic, single colour charge propagating through the medium will lose energy as a result of multiple scatterings with medium constituents. In order to simplify the discussion below, let us for the moment consider a large, static medium of size L. The main source of energy degradation of the probe are inelastic processes, or so-called medium-induced emissions. In the presence of multiple soft scattering in the medium, the rate of induced soft gluon emission read [10, 11] ,
Here,q is the celebrated jet transport coefficient. This spectrum is valid for ω ω c with a cut-off at the energy ω c ∼qL 2 , which corresponds to the situation when the formation time of the gluons becomes of the order of the length of the medium, t br = q/ω ∼ L. Hence, on the level of one gluon emission, the probability of radiating energy ε off an energetic projectile becomes
at leading order in α s . Notice, however, that the multiplicity of gluons above a certain energy, defined as 3) becomes large N O(1) for ω ω s ∼ᾱ 2q L 2 ω c . In this regime, multiple induced emissions ought to be resummed. Given that their formation time is short t br (ω s ) ∼ᾱL L, we can neglect interference effects between subsequent emissions. 1 Besides, since their emission angles, given by
and R is the jet cone size, they are mainly responsible for transporting energy to large angles. Keeping these simplifications in mind, the resummation of multiple induced emissions is then realised via the rate equation,
With Eq. (2.1), the solution of Eq. (2.4) is found to be
Comparing Eq. (2.2) to the resummed result in Eq. (2.4) reveals that the typical energy lost is strongly correlated with the scale ω s . The simplified description we have outlined so far can be improved in many ways, for instance by imposing kinematical restrictions and by also keeping track of secondary branchings that contribute to the energy flow out of the jet cone [12, 13] .
Multi-parton quenching Hard QCD splittings early in the medium create pairs of colour correlated partons that propagate through almost the entirety of the medium length. The presence of colour correlations alter the emission spectrum of partons even in vacuum, giving rise to the well-established angular ordering of subsequent gluon emissions. In the medium, this is modified because of colour exchanges with the medium that lead to colour decoherence, see e.g. [6, 8, 7] . In this section we will discuss what role decoherence effects play when considering the energy-loss off a composite system. The quenching of a pair of partons, in the large-N c limit, can be understood as the combined effect of the quenching of the total charge, that is related to the color charge of the parent parton, and the additional quenching related to the additional color charge generated in the splitting [9] . The latter process is however delayed due to the fact that medium only has a finite resolution, as we will describe in more detail below. Hence, in the large-N c limit, we write
for a generic parton in color representation R. The first term, carrying the information about this index, describes the quenching of the total colour charge. The second describes the additional energy loss of a colour-singlet dipole appearing in the splitting in the large-N c limit.
In analogy to the steps leading up to Eq. (2.4), we resum multiple induced soft gluons by the rate equation,
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High-p T parton propagation and quenching Konrad Tywoniuk where Γ(ω,t) is a shorthand for the regularised rates Γ i (ω,t) ≡ dI i /(dωdt)−δ (ω) ∞ 0 dω dI i /(dω dt) for i = {dir, int} for direct emissions and interferences. This formula contains new elements compared to the single-charge energy loss resummation in Eq. (2.4) that are related to interferences between the emitters.
The interference term involves two components. The first is a dipole suppression factor describing the survival probability of color coherence at a given time in course of the dipole propagation. It is called the decoherence parameter, and reads 
We note first of all that it is negative and will therefore cancel the direct emissions in part of the radiation phase space. This phase space is first of all limited to large angles, as indicated by the cut-off factor in Eq. (2.9) which implies angular ordering. This becomes clear by comparing the size of the dipole x ⊥ ∼ θt to the typical size of fluctuations λ ⊥ ∼ k
⊥ that appear at the formation time t f ∼ ω/k 2 ⊥ , and realising that the colour-singlet dipole can only radiate quanta that resolve the individual charges, λ ⊥ < x ⊥ . Second of all, due to the presence of the decoherence parameter, Eq. (2.8), these contributions survive in any case only as long as the dipole pair remains colourcorrelated.
The emerging picture is therefore very simple and can be summarised as follows. Initially, the colour-singlet dipole remains close together in transverse space so that the medium interactions cannot resolve its inner structure but only its (zero) total charge. Consequently, there is no induced radiation of this object. As the pair grows and ultimately becomes resolved by the medium, both constituents lose energy independently.
Before leaving this section, let us estimate the phase space for hard emissions that would give rise to the additional quenching implemented in Eq. (2.7). We demand that such emissions are formed early in the medium, yet well before the medium has had the time to resolve their structure. To be sensitive to the quenching of new dipoles they have to be resolved, and therefore t f < t d < L. The phase space becomes 10) in the leading-logarithmic approximation (LLA). In particular, the condition t d < L immediately implies that θ > θ c , thus cutting away the collinear divergence. Therefore, this phase space is single-logarithmic in the jet energy [14] which signals that these additional contributions should be resummed for high-p T jets. It is worth pointing out what happens if we do not consider coherence effects in the medium, in which case the dipole constituents always lose energy independently. The resulting phase space is also enhanced, since
is double-logarithmic in the jet scale. We therefore anticipate that the implementation of coherence effects for calculating quenching of multi-parton systems, as is modelled in Monte-Carlo generators, will play a significant role.
Sudakov suppression of jets
Let us now consider the single-inclusive jet spectrum in the presence of a medium, dσ med dp 2 T dy
where dσ vac is the vacuum spectrum while P(ε) is the probability distribution related to emitting energy ε out of the jet cone, discussed in some detail above. In addition to its sensitivity to the jet quenching parameterq and the medum size L, it also depends on the jet p T and cone size R. For the time being we will be interested in the nuclear modification factor, or quenching factor, R jet = dσ med dp 2 T dy dσ vac dp 2 T dy
describing the deviation from the vacuum baseline. We note, that by approximating the spectrum as dσ vac (p T + ε) dσ vac (p T )e −nε/p T , the nuclear modification factor is simply related to the appropriate moment of the Laplace transform of the quenching weight, R jet = Q(p T ), with Q(p T ) ≡P(p T /n), due to the convolution with the steeply falling spectrum. The quenching factor permits an expansion in terms of the strong coupling constant, where the zeroth order contribution corresponds to the quenching of a jet consisting of a single constituent. Remarkably, in the large-N c approximation, all higher order terms in the quenching weight depend on the quenching of the total colour charge in a trivial way, see Eq. (2.7). We can therefore show that
whose simplicity owes to the fact that all convolutions become products in Laplace space. The quenching factor of the total color charge is simply given as Q tot (p T ) =P 1 R (p T /n). The second component on the right hand side of Eq. (3.3), C(p T , R) ≡ Q(p T )/Q tot (p T ), is a new Sudakov suppression factor, called the collimator function, that resums quenching of higher-order jet fluctuations to the single-inclusive jet spectrum. At first non-trivial order, C(p T , R) = 1 +C (1) (p T , R) + O(α 2 s ), in LLA it is found to be
